The intraspinal cues that orchestrate T-cell migration and activation after spinal contusion injury were characterized using B10.PL (wild-type) and transgenic (Tg) mice with a T-cell repertoire biased toward recognition of myelin basic protein (MBP). Previously, we showed that these strains exhibit distinct anatomical and behavioral phenotypes. In Tg mice, MBP-reactive T-cells are activated by spinal cord injury (SCI), causing more severe axonal injury, demyelination, and functional impairment than is found in non-Tg wild-type mice (B10.PL). Conversely, despite a robust SCI-induced T-cell response in B10.PL mice, no overt T-cell-mediated pathology was evident. Here, we show that chronic intraspinal T-cell accumulation in B10.PL and Tg mice is associated with a dramatic and sustained increase in CXCL10/IP-10 and CCL5/RANTES mRNA expression. However, in Tg mice, chemokine mRNA were enhanced 2-to 17-fold higher than in B10.PL mice and were associated with accelerated intraspinal T-cell influx and enhanced CNS macrophage activation throughout the spinal cord. These data suggest common molecular pathways for initiating T-cell responses after SCI in mice; however, if T-cell reactions are biased against MBP, molecular and cellular determinants of neuroinflammation are magnified in parallel with exacerbation of neuropathology and functional impairment.
Introduction
The neuropathology and loss of function associated with spinal cord injury (SCI) is caused initially by mechanical trauma and then by diverse mechanisms of secondary injury that include cells (e.g., neutrophils, macrophages, and T-cells) and mediators (e.g., chemokines, cytokines, and proteases) of the immune system (Popovich, 2000) . We showed previously that endogenous myelin-reactive T-cells are activated by SCI and contribute to neurodegeneration (Popovich et al., 1997; Jones et al., 2002) . Furthermore, expansion of these T-cells via vaccination induces profound neuroinflammation and exacerbates neuropathology and locomotor dysfunction after SCI (Jones et al., 2004) . T-Cells also can inhibit normal repair of injured tissues without directly influencing neuron/glial survival. Specifically, chronic T-cell activation can precipitate pathological fibrosis and scarring (Wynn, 2004) .
Still, others have proposed T-cell-mediated neuroprotection in models of CNS injury and neurodegeneration (Schwartz and Kipnis, 2001; Kipnis et al., 2002) . Indeed, the functional diversity of lymphocytes within the injury site undoubtedly extends beyond that of cell killing and tissue injury. In all mice that we studied after SCI (four inbred strains), indices of spontaneous functional recovery and wound healing occur concomitant with the intraspinal accumulation of large numbers of T-cells (Sroga et al., 2003) . Despite evidence for SCI-induced activation of myelinreactive T-cells, most T-cells that infiltrate the injury site are likely to be responsive to proteins other than those found in myelin. In experimental autoimmune encephalomyelitis (EAE), a CNS autoimmune demyelinating disease triggered by myelinreactive T-cells, most (Ͼ90%) CNS-infiltrating T-cells are not myelin reactive (Cross et al., 1990; Steinman, 1996) . These latter cells are believed to have immune-modulatory functions and could facilitate CNS repair (Hammarberg et al., 2000; Muhallab et al., 2002) . In fact, non-CNS-reactive T-cells can be therapeutic in the pathological CNS and are required for healing of peripheral tissues (Barbul et al., 1989a,b; Efron et al., 1990; Schaffer and Barbul, 1998) . Thus, how T-cells influence spinal cord integrity and function will be determined in part by the antigen specificity of the responding T-cell population.
T-Cell functions are also controlled by molecular cues that draw them to the injury site and then ultimately by the microenvironment they encounter. Chemokines direct T-cell migration and then modulate their activation and effector potential at sites of inflammation (Sallusto et al., 1998 (Sallusto et al., , 2000 . The subsequent composition of the cytokine, neurotrophin, and growth factor milieu within inflammatory foci is then influenced by reciprocal interactions between T-cells and CNS macrophages.
Previously, we showed that myelin-reactive T-cells exacerbate the neuropathology and functional outcome caused by SCI (Popovich et al., 1997; Jones et al., 2002 Jones et al., , 2004 . However, we also showed that spontaneous functional recovery and wound healing occur concomitant with the accumulation of large numbers of intraspinal T-cells after SCI in various inbred mouse strains (Sroga et al., 2003) . Whether these divergent T-cell responses are associated with distinct molecular signatures is unknown. Because the functional potential of innate (e.g., macrophages/microglia) and adaptive (e.g., lymphocytes) immune cells are exquisitely controlled by chemokines, cytokines, and intercellular reactions requiring costimulatory molecules, we compared specific subsets of these molecules in wild-type B10.PL [nontransgenic (nTg)] and myelin basic protein (MBP) T-cell receptor (TCR) transgenic (Tg) mice at times coincident with peripheral T-cell activation [7 d postinjury (dpi)] or stabilization of functional recovery (21 dpi) after SCI. A subset of macrophage activation markers and immune-regulatory/growth factors also was compared between strains using real-time PCR and immunohistochemistry. The data reveal similar molecular and cellular neuroinflammatory phenotypes in Tg and nTg mice; however, when the T-cell response is biased toward MBP, these phenotypes are magnified, as is the intraparenchymal distribution of select molecules indicative of enhanced macrophage/T-cell interactions. Importantly, this latter phenotype is associated with marked neurodegeneration and severe functional impairment.
Materials and Methods
Animals and spinal cord injury. MBP TCR Tg mice were generated by breeding V␣4/V␤8.2 MBP TCR Tg mice with B10.PL mice (Jones et al., 2002) . Progeny were screened for expression of the V␤8.2 transgene (Ͼ95% CD4 ϩ T-cells) by flow cytometry of peripheral blood. Wild-type nTg B10.PL littermates served as controls. Anesthetized mice [ketamine (80 mg/kg, i.p.)/xylazine (40 mg/kg, i.p.)] received a spinal contusion injury as described previously (Jones et al., 2002) . Briefly, a laminectomy was performed at vertebral level T 9/10 . The exposed dorsal surface of the spinal cord was displaced 0.8 mm using an electromagnetic SCI device (Jakeman et al., 2000) . Manual bladder expression was performed twice daily, and prophylactic antibiotic treatment (Gentocin, 50 mg/d) was maintained throughout the study. Mice were housed in HEPA-filtered Bio-Clean units.
Tissue processing. Spinal cords were removed at 0, 7, or 21 dpi (PCR analyses) or 70 dpi (immunohistochemical analyses). These times coincide with the onset of peripheral T-cell activation (7 dpi) and a time of functional stability (21-70 dpi) in SCI mice (Jones et al., 2002) . For quantitative reverse-transcription PCR (Q-RT-PCR) assays, anesthetized animals were perfused intracardially with sterile PBS (0.1 M, pH 7.4). Spinal cords were snap frozen in 2-methylbutane cooled with liquid nitrogen, and RNA was extracted from a 4 mm segment of spinal cord centered on the impact site. For histological and immunohistological analyses, animals were anesthetized and then perfused intracardially with PBS (0.1 M, pH 7.4), followed by 4% paraformaldehyde in 0.1 M PBS. Spinal cords were removed and processed for histological analyses as described previously (Popovich et al., 1997; Jones et al., 2002) .
Q-RT-PCR analysis of spinal cord mRNA. Gene-specific primer pairs (Table 1) were used to detect expression of chemokine, costimulatory molecule, and growth factor mRNA in injured (7 and 21 dpi) and uninjured spinal cord (n ϭ 3-4 per group per time point). Briefly, total RNA was purified from spinal cord using Trizol (Invitrogen, Carlsbad, CA), followed by RNeasy (Qiagen, Valencia, CA) binding and quantification by spectrophotometry. cDNA was prepared from RNA by reverse transcription with SuperScript II and random primers (Invitrogen). The PCRs were performed using 10 ng of cDNA, 50 nM each primer, and SYBR Green master mix (Applied Biosystems, Foster City, CA) in 20 l reactions. Levels of Q-RT-PCR product were measured using SYBR Green fluorescence collected during real-time PCR on an Applied Biosystems 7900HT system (Ririe et al., 1997) . Standard curves were generated for each gene using a control cDNA dilution series. Melting point analyses were performed for each reaction to confirm single amplified products. Data are expressed relative to the mean mRNA/ glyceraldehyde-3-phosphate dehydrogenase ratio of uninjured spinal cord samples (n ϭ 4 per group).
Immunohistochemistry. Serial sections were cut on a cryostat (14 m) through the rostrocaudal extent of the lesion as described previously (Sroga et al., 2003) and then were mounted onto Superfrost-Plus slides (Fisher Scientific, Houston, TX). Within the spinal cord, CD4
ϩ T-cells and microglia/macrophages were identified using the following antibodies: anti-CD4 and anti-CD11b (1:200; Serotec, Indianapolis, IN); and anti-I-A/I-E [major histocompatibility complex (MHC) class II; 1:3000; PharMingen, San Diego, CA] and CD86 (B7-2; 1:1000; PharMingen). To minimize nonspecific binding, tissue sections were incubated with 2-4% rabbit serum in PBS before applying primary antisera overnight at 4°C. Sections were rinsed three times in Tris-buffered saline and then incubated with biotinylated secondary antibody for 1 h at room temperature. Endogenous peroxidase was quenched by incubating tissues in 6% H 2 O 2 /methanol for 15 min. Bound antibody was visualized using the Elite-ABC reagent for 1 h at room temperature, followed by incubation in DAB substrate (Vector Laboratories, Burlingame, CA) .
Image analysis and T-cell counts. Cell counts were obtained using computer-assisted image analysis (MCID Elite; Imaging Research, St. Catherine's, Ontario, Canada). Briefly, digital images were captured at 20ϫ, and labeled cells were detected by electronically establishing the light-intensity threshold at which positively stained profiles were visible. Frequently, T-lymphocytes were found as cell clusters, making it difficult to delineate single cell profiles. When present in clusters, T-cell numbers were estimated from area measurements of labeled clusters using a predetermined mean cell size of 16 m. This latter value was determined by quantifying the diameter of hundreds of clearly labeled T-cell profiles at high magnification from several spinal injured samples. After SCI, T-cells were not evenly distributed across the rostrocaudal extent of the contusion lesion. Consequently, T-cells were counted in sections spanning 140 m intervals and then were averaged in 700 m epochs spanning ϳ6 mm of injured spinal cord. Data are plotted as a function of distance from the impact site.
To differentiate between and quantify T-cells within "lesioned" and "nonlesioned" spinal cord, tissue integrity was assessed at high power using luxol fast blue (LFB) or fibronectin-stained (data not shown) sections adjacent to those labeled with anti-CD4 antibodies. Differential interference contrast (DIC/Nomarski) optics also were used to confirm tissue integrity. Lesioned tissue was clearly visible as areas with diffuse myelin pallor (light/patchy LFB staining in regions in which strong labeling typically exists (i.e., white matter) and abnormal cytoarchitecture under DIC (e.g., dense connective tissue formation, cell clustering). Only T-cells with continuous membrane labeling were counted. Because none of the tissue at the site of injury could be designated as nonlesioned, cell counts expressed in Figure 2 A (inset) represent data collapsed across 700 m epochs spanning ϳ6 mm of injured spinal cord excluding the epicenter bin. A series of spinal cord sections containing lesioned and intact spinal cord from all mice (n ϭ 4 per group) was analyzed by two-color immunofluorescence and confocal microscopy (LSM510; Zeiss, Oberkochen, Germany). Images were imported into Adobe Photoshop CS (Adobe Systems, San Jose, CA) in which background illumination was subtracted from all images, and contrast enhancement was selectively applied to recreate the tissue as viewed through the microscope. For confocal analyses, up to 10 sequential optical sections were collected from each sample over an optical scanning plane of 14 m and then were stacked to create the final image. Stacked images were imported into Adobe Photoshop CS and contrast enhanced, or the red-green-blue channel was split to reveal the staining patterns of the individual fluorophores.
Statistics. Two-way ANOVA with Bonferroni's post hoc analyses were used to analyze T-cell counts (distance from epicenter and group as main effects) and expression of chemokine, costimulatory molecule, and growth factor mRNA (time after injury and group as main effects). Student's t test was used to analyze T-cell numbers in lesioned vs nonlesioned CNS parenchyma. All analyses were considered significant at p Ͻ 0.05.
Results

T-cell recruitment and chemokine expression in the injured mouse spinal cord
Previously, we showed that intraspinal T-cell infiltration is delayed up to 2 weeks after SCI in C57BL/6, C57BL/10, BALB/c, and B10.PL mice (Sroga et al., 2003) . However, as shown in Figure 1 , intraspinal T-cell infiltrates were evident by 7 dpi in Tg mice (Fig.  1 B) . This accelerated recruitment was paralleled by an increase in expression of the T-cell chemoattractants CXCL10/IP-10 [interferon (IFN)-␥-inducible protein of 10 kDa] (Fig. 1C) and CCL5/ RANTES (regulated on activation, normal T-cell expressed and secreted) (Fig. 1 D) . Significant CXCL10 mRNA induction was present at 7 dpi only in Tg mice (Fig. 1C) . Although CCL5 mRNA was increased by 7 dpi and persisted until 21 dpi in both nTg and Tg mice (Fig. 1 D) , these changes were always larger in Tg spinal cord. Specifically, a 10-fold increase in CXCL10 mRNA expression by 7 dpi was maintained at 21 dpi in Tg mice compared with a maximum fourfold increase in nTg mice. CCL5 mRNA expression increased 180-fold at 7 dpi in Tg mice compared with an 11-fold increase in nTg mice.
Sustained T-cell chemokine mRNA was associated with large numbers of infiltrating T-cells in the chronically injured (70 dpi) spinal cord of Tg and nTg mice (Fig. 2) . However, the magnitude ϩ T-cells are increased throughout the rostrocaudal spinal cord in Tg and nTg mice at 70 dpi (A). However, more T-cells penetrate both intact (inset in A; p Ͻ 0.05) and lesioned spinal parenchyma in Tg mice (A; p Ͻ 0.05 vs nTg, two-way ANOVA; n ϭ 4 per group). An example of how lesioned tissue can be distinguished from nonlesioned tissue using luxol fast blue histochemistry is shown in B (ϳ3 mm rostral to the injury site; dotted line delineates boundary between lesioned and nonlesioned tissue). An adjacent section stained with anti-CD4 antibodies show that CD4 ϩ T-cells are prominent within lesioned tissue (within boundaries of dotted line; nTg mouse; C). In Tg mice, T-cells also penetrate into uninjured parenchyma (boxed region in D shown in high power in E). Arrows highlight a meningeal lymphocyte cluster that appears to migrate into nearby gray matter (arrowheads in D and E point to neuron profile in adjacent ventrolateral gray matter). Scale bars: B, C, 100 m; D, 50 m; E, 25 m. ϩ T-cells are absent from the injury site of nTg mice (A). In contrast, small T-cell clusters form within the injury site of Tg mice (B). Accelerated T-cell recruitment in Tg mice is associated with increased expression of IP-10/CXCL10 mRNA at 7 dpi in Tg but not nTg mice (C;*p Ͻ 0.05 vs uninjured and nTg; n ϭ 4 per group). By 21 dpi, IP-10/CXCL10 mRNA is elevated in Tg and nTg mice; however, the magnitude of change is greater in Tg mice (C; *p Ͻ 0.05 vs uninjured and nTg; n ϭ 4 per group). Expression of RANTES/CCL5 mRNA increases as a function of time after injury in both groups but to a greater extent in Tg mice (D; *p Ͻ 0.05 vs uninjured and nTg; n ϭ 4 per group). Scale bar, 25 m.
and tissue distribution of the T-cell infiltrates were distinct. In nTg mice, T-cells were limited to the leptomeninges, perivascular space, or lesioned parenchyma nearby the site of injury. Conversely, in Tg mice, more T-cells infiltrated the spinal cord over greater rostrocaudal extents in both lesioned and intact tissue (Fig. 2) .
Cellular and molecular indicators of CNS macrophage activation and antigen presentation within injured spinal cord SCI activates T-cells and facilitates their migration into the spinal cord (Fig. 2) . When the bulk of these cells are myelin reactive, more T-cells penetrate into nonlesioned parenchyma (Fig. 2) . Consequently, the ability of these T-cells to influence CNS macrophages and other cells in the parenchyma should be enhanced in Tg mice. Consequently, we evaluated the expression of molecules associated with monocyte recruitment [CCL2/ macrophage chemotactic protein-1 (MCP-1)] and antigen presentation (MHC class II, CD80, CD86), i.e., biological processes that are influenced by (or require) T-cell/macrophage interactions.
Previous studies have shown that CCL2/MCP-1 mRNA is increased within 1 dpi in mice with a return to baseline before 7 d (Bartholdi and Schwab, 1997; Ma et al., 2002 Ma et al., , 2004 . Consistent with this time course, we were unable to detect changes in CCL2 mRNA at 7 dpi for either Tg or nTg mice (Fig. 3A) . However, by 21 dpi, CCL2 mRNA expression was increased more than fourfold in Tg mice compared with nTg and uninjured control tissue ( p Ͻ 0.05) (Fig. 3A) .
Within the CNS, activated CD4 ϩ T-cells need to be restimulated to survive. This requires interaction with antigenpresenting cells, i.e., CNS macrophages expressing costimulatory (CD80/B7.1; CD86/B7.2) and MHC class II molecules. In Tg spinal cord, CD80 and CD86 mRNA expression was increased 10-to 40-fold above nTg and uninjured spinal cord (Fig.  3 B, C) . Costimulatory mRNAs also were increased in nTg mice, albeit to a lesser extent than in Tg spinal cord (Fig. 3 B, C) . Confocal analyses of immunofluorescent double-labeled sections reveal induction of MHC class II on the majority of microglia/macrophages (CD11b ϩ ) within lesioned tissue of Tg and nTg mice (Fig.  3D-F ) . However, in nTg mice, the majority of MHC class II ϩ and CD86 ϩ CNS macrophages were restricted to zones of fibrosis or within perivascular or submeningeal infiltrates (Fig. 3G-I ) . Conversely, MHC class II and CD86 were increased throughout injured and intact spinal cord in Tg mice (Fig. 3J-L) .
Expression of immunoregulatory/ growth factor molecules in the chronically injured mouse spinal cord
Delayed increases in transforming growth factor (TGF)-␤1 and endogenous interleukin-1 receptor antagonist (IL-1ra) are typical in inflammatory foci, presumably to limit the destructive potential of inflammation. Given the above data and our previous work showing that MBP-reactive T-cells enhance neuroinflammation, we predicted distinct patterns of growth factor and immunoregulatory molecule expression in Tg and nTg mice. Figure  4 shows that TGF-␤1 and insulin-like growth factor (IGF)-1 mRNA are increased in nTg and Tg mice at 7 and 21 dpi. However, in Tg mice, TGF-␤1 and IGF-1 mRNA expression continue to increase between 7 and 21 dpi (Fig.  4 A, B) . Also, IL-1ra mRNA expression is increased at 7 and 21 dpi in both strains; however, the magnitude of this response is dramatically reduced in Tg mice (Fig. 4C ).
Discussion
Previously, we described marked neuropathological changes and functional impairment after SCI in mice containing large numbers of CNS antigen-specific T-cells (i.e., MBP TCR Tg mice) as opposed to mice with a normal (diverse antigen-specific) T-cell repertoire (nTg/ B10.PL mice). In both Tg and wild-type mice, large numbers of intraspinal T-cells were evident. However, only in Tg mice were aberrant neurological and pathological changes associated with a biased production of proinflammatory cytokines in the spinal cord (Jones et al., 2002) . Because T-cell migration, activation, and function are controlled by chemokines and cytokines, we compared expression patterns of select chemokines at times before and after the onset of intraspinal T-cell migration. The current data show that marked induction of CXCL10 and CCL5 occurs in both Tg and nTg mice and precedes or parallels the onset of intraspinal T-cell migration. However, accelerated and amplified chemokine signaling in Tg mice is associated with earlier T-cell entry and greater intraparenchymal migration of T-cells than described previously for other mouse strains (Sroga et al., 2003) . The robust induction of T-cell chemokines in Tg mice was accompanied by later induction of CCL2 mRNA and widespread CNS macrophage activation. Specifically, only in Tg mice were CD80, CD86, and MHC class II increased throughout the injured and intact spinal cord. Collectively, these data reveal molecular targets that are temporally regulated after SCI and are associated with T-cell recruitment to the site of injury. Whether these molecules predispose the spinal cord to T-cell-mediated injury or repair will depend on the antigen specificity of the responding T-cells and the timing, magnitude, and composition of the chemokines produced.
Chemokines influence T-cell recruitment and function
Inflammatory chemokines coordinate the recruitment of activated leukocytes to sites of injury or infection (Mennicken et al., 1999; Huang et al., 2000; Moser et al., 2004) . De novo synthesis of intraspinal chemokines results from acute trauma and subsequent glial activation (Glabinski et al., 1996) . To date, chemokine induction has been described in all acute SCI models within hours of injury, with a decline to baseline by 1 week (Bartholdi and Schwab, 1997; McTigue et al., 1998; Ma et al., 2002 Ma et al., , 2004 . However, there is little information about chemokine signaling beyond the first week after injury. Resolution of acute chemokine signaling is likely attributable to a reduction in inflammatory stimuli and active regulation of chemokine promoter regions (Huang et al., 2000) . In the present study, we extended our analyses beyond the first week after injury to coincide with a time of robust T-cell infiltration (Sroga et al., 2003) . The data reveal a secondary increase in the expression of chemokines specific for T-cells and monocytes. In the case of Tg mice, these chemokine changes were associated with sustained T-cell infiltration and greater penetration into intact spinal cord tissue along with widespread activation of CNS macrophages. These data suggest that, after injury, silencing of chemokine expression is temporary and/or that new inflammatory signals are present after 7 d. This delayed "secondary" inflammatory signaling cascade could be targeted for therapeutic purposes. Additional studies are needed to address the chronicity of inflammatory signaling mechanisms after SCI and their impact on recovery of function.
In the present study, increased CXCL10 and CCL5 expression preceded or paralleled T-cell influx after SCI in nTg and Tg mice. The larger numbers and more rapid appearance of T-cells in Tg mouse spinal cord is undoubtedly related to the magnitude of chemokine induction and the unique cytokine milieu that develops at the injury site of MBP TCR Tg mice. Specifically, we described previously marked induction of IFN-␥ and tumor necrosis factor-␣ in Tg mice (Jones et al., 2002) . Although these cytokines exert little effect on CXCL10 alone, they synergize to promote marked induction of CXCL10 (Huang et al., 2000) .
Besides their role as chemoattractants, CXCL10 and CCL5 induce T-cell proliferation and cytokine production (Bacon et al., 1995; Appay et al., 2000; Dufour et al., 2002) . Also, CXCL10 is pivotal in generating antigen-specific T-cells (Dufour et al., 2002) . A similar role has been reported for CCL2 (Izikson et al., 2000; Tylaska et al., 2002) . Thus, the array of chemokines expressed in both nTg and Tg mice would serve diverse roles, including enhancement of T-cell recruitment, activation, and effector potential. Once they are activated, whether responding T-cells exert physiological or pathological effects will depend on a number of variables, including their antigen specificity, whether they become reactivated in the target tissue, and the efficacy of endogenous CNS regulatory cascades.
Antigen specificity and T-cell functions in the CNS
Despite remarkable differences in anatomical and functional outcome in SCI Tg and nTg mice (Jones et al., 2002) , large numbers of T-cells infiltrate the injury site of both strains (Fig. 2) . A similar situation occurs in rat models of EAE. For example, vaccination of rats with MBP-and myelin oligodendrocyte glycoprotein (MOG)-specific T-cells causes robust neuroinflammation but has divergent effects on clinical outcome. Specifically, MOGreactive T-cells cause little or no disease, whereas MBP-reactive T-cells exert a lethal pathology (Kawakami et al., 2004) . These data indicate that intraspinal accumulation of T-cells is not sufficient to induce CNS pathology. Similarly, delayed and chronic chemokine upregulation need not have pathological implications. Indeed, chemokines can be increased in the CNS without neuropathological consequences. For example, transgenic or viral-mediated overexpression of CXCL10 in the CNS produces robust inflammation without obvious pathology (Boztug et al., 2002; Trifilo and Lane, 2003) . Instead, the secretory potential of T-cells and their ability to influence other cells in the CNS is influenced by T-cell antigen specificity and the activation status of the responding T-cells (Kawakami et al., 2004) . Moreover, the status of the CNS microenvironment will determine the range and efficacy of T-cell effector functions.
For example, the overwhelming proinflammatory milieu (e.g., IFN-␥, IL-12, CXCL10, and CCL2) that forms in Tg mice as a result of MBP-reactive T-cell activation appears to augment microglia and macrophage recruitment and/or activation (Jones et al., 2002) (Figs. 1, 3) . This view is supported by the widespread upregulation of CD80, CD86, MHC class II, and CCL2 only in Tg mice (Fig. 3) . Interestingly, MBP-reactive T-cells have been shown to induce CD86 expression on microglia, and this intercellular exchange has been deemed essential for T-cell-mediated neuroprotection (Bechmann et al., 2001; Butovsky et al., 2001) . Our data would suggest that expression of CD86 is induced by SCI, regardless of the presence of autoreactive T-cells. However, in the presence of MBP-reactive T-cells (e.g., in Tg mice), de novo expression of CD86 on microglia/macrophages is increased over much greater areas of the spinal cord than would be expected after SCI alone. Importantly, in the context of the MBP TCR Tg model, enhanced CD86 expression is not associated with neuroprotection. These data support the notion that activated macrophages exacerbate acute CNS pathology and loss of function after SCI and EAE (Huitinga et al., 1990; Blight, 1994; Tran et al., 1998; Popovich et al., 1999; Izikson et al., 2000; Mabon et al., 2000; Huang et al., 2001) .
Pronounced T-cell pathogenicity in Tg mice may also occur because of a reduction in intrinsic immune regulatory cascades. For example, in SCI Tg mice in which neuropathology is enhanced, one would expect a corresponding reduction in neuronal inhibition of MHC class II expression and endogenous cytokine antagonists (e.g., IL-1ra) (Neumann et al., 1996) . Data in Figures  3 and 4 support this hypothesis.
It is clear that models of spinal trauma and autoimmune demyelination (e.g., EAE) can elicit pathology via similar molecular and cellular mechanisms. The present data also suggest that titration of chemokine signaling or selective manipulation of chemokine receptors that recruit/activate T-cells could be therapeutic after SCI. Recent studies indicate that inhibition of CXCL10 limits T-cell accumulation and promotes functional recovery after SCI (Gonzalez et al., 2003) . Because pathogenic Th1 cells preferentially express receptors for CXCL10 and CCL5 (i.e., CXCR3 and CCR5, respectively), CXCR3-and CCR5-expressing T-cells are expected to predominate after SCI, just as they do in EAE and multiple sclerosis (Balashov et al., 1997 (Balashov et al., , 1999 Sorensen et al., 1999) . Future studies using selective antagonists or mice deficient in CXCL10/CXCR3 or CCL5/CCR5 should reveal what role these signaling cascades play in inflammatory-mediated repair and/or injury.
T-cells, macrophages, and fibrosis in the injured spinal cord
Despite their pathogenic potential, the accumulation of intraspinal T-cells need not imply impending tissue injury. T-cells infiltrate the injured mouse spinal cord in parallel with a plateau in functional recovery in all mice (Sroga et al., 2003) . Moreover, T-cell clusters form within zones of dense fibrosis rather than in regions of necrosis. Data from EAE and nerve lesion studies would suggest that most T-cells responding to SCI are not myelin reactive (Steinman, 1996; Cross et al., 1990; Hammarberg et al., 2000; Muhallab et al., 2002) . Still, even if neuron and glial survival are not adversely affected by T-cell recruitment/activation, T-cells could inhibit normal CNS repair.
Although matrix deposition is critical for tissue repair, if not balanced by endogenous regulatory signals, pathological fibrosis and scarring can occur. Ultimately, this results in functional impairment. In the injured CNS, fibrosis would be expected to limit cell migration, a necessary step in reparative processes such as angiogenesis. Similarly, fibrosis would restrict the diffusion of metabolites, cytokines, and growth factors necessary for efficient intercellular communication. Recent data suggest that the fibrotic substrate that forms after mouse SCI does not support regeneration of descending axons (Inman and Steward, 2003; Ma et al., 2004) . Because reciprocal interactions between T-cells and macrophages influence fibroblast proliferation/migration, collagen and fibronectin synthesis/ deposition, and scarring, it is not surprising that blocking T-cell chemotaxis abrogates fibrosis in non-CNS tissues (Huaux et al., 2003) . Similar studies are needed in SCI models to determine whether T-cells contribute to pathological neurofibrosis.
In the present study, TGF-␤1 and IGF-1 mRNA increased in Tg and nTg mice between 7 and 21 dpi. Both growth factors are increased as a result of inflammation and are known to be involved in normal wound healing and pathological fibrosis (Wynn, 2004) . Previously, we and others documented SCIassociated increases in TGF-␤1 mRNA colocalized to regions of intraspinal inflammation (McTigue et al., 2000; Lagord et al., 2002) . Like IGF-1, TGF-␤1 can be neuroprotective and immunosuppressive (Finch et al., 1993; Pu et al., 1999; Pulford et al., 1999) . However, the fibrotic pathology that defines the injured mouse spinal cord may suggest a less advantageous role for both growth factors, and studies have shown a direct causal role for TGF-␤1 in glial scarring and extracellular matrix deposition after CNS injury (Logan et al., 1994) . It is also possible that IGF-1 and TGF-␤ mediate their effects indirectly by promoting the survival of infiltrating T-cells, which in turn could promote chronic fibrosis (Genestier et al., 1999; Walsh and O'Connor, 2000) .
Conclusions
Select chemokine signals are required to initiate T-cell recruitment and then shape their functional repertoire at sites of inflammation. In the present study, the delayed but protracted increase in CXCL10 and CCL5 in SCI mice is undoubtedly responsible for the chronic T-cell recruitment that we observed in both strains. However, the magnitude and kinetics of the T-cell response is accelerated when the predominant antigen specificity of responding T-cells is to CNS myelin. Because the primary insult in Tg and nTg mice was identical (i.e., standardized spinal contusion injury), the distinct cellular and molecular sequelae that we describe results from effector mechanisms unique to MBPspecific T-cells. Specifically, greater axial migration of T-cells occurs in SCI Tg mice and is associated with enhanced macrophage/ microglial activation and divergent patterns of growth factor/ immune regulatory molecule expression. Because we described previously a pathological phenotype in SCI Tg mice, the present data reveal several potential targets for therapeutic modulation of pathogenic T-cell function in the face of enhanced autoimmune function. Indeed, despite the inherent detrimental effects of myelin-reactive T-cells after SCI, any reparative potential that these cells possess (Schwartz and Kipnis, 2001 ) might be improved by simultaneously antagonizing chemokines or T-cellmediated macrophage activation.
